Introduction
Photon correlation spectroscopy has become an important tool for particle sizing in suspensions and slurries over the last 25 years [1] [2] [3] [4] . The technique exploits the fact that light scattered from a (dilute) suspension of particles fluctuates with a characteristic time scale inversely proportional to the particle diffusion constant. It can provide information about particles with sizes ranging from a few nanometers to several micrometers. However the range of application of standard PCS is restricted to single scattering which severely limits its use for industrially relevant systems 5, 6 . Particularly for larger particles with high scattering contrast the technique can only be applied to very low particle concentrations, and a large variety of systems are therefore excluded from investigations with PCS. In this paper we discuss two alternative routes to overcome these limitations and to perform PCS in turbid suspensions. The first technique, called 3D-Dynamic Light Scattering (3DDLS), allows the suppression of multiple scattering [7] [8] [9] [10] [11] [12] while the second technique, Diffusing Wave Spectroscopy (DWS), follows the fluctuations of diffuse light 4, [13] [14] [15] [16] [17] . Both techniques analyse the temporal fluctuations of the scattered light, as with PCS, however they rely on sophisticated schemes to overcome the undesired multiple scattering effects in traditional PCS.
Photon Correlation Spectroscopy
In a PCS experiment laser light is incident on a scattering cell of dimension L containing a scattering medium. In the case of conventional PCS, also called dynamic light scattering (DLS), the scattering mean free path l>>L and therefore the transmission in line of sight has to be high, exp(-L/l) > 95% 1, 2, 18 . However, for many suspensions of industrial relevance and with larger colloidal particles this is often not the case. Thus, here we have to find alternatives to either omit multiple scattering or then to suppress. Before we show how this can be done in a cross correlation experiment, we briefly review the basis of PCS.
Dilute or Weakly Scattering Suspensions
In the most simple case we can consider a system of N independent point scatterers illuminated with laser light. The scattered light is then detected at a certain angle θ, hence incoming and scattered wavevector (with ⎪k i ⎪ = ⎪k s ⎪, elastic scattering) define the scattering vector q = k i -k s , ⎪q⎪ = 2⎪k⎪ sin(θ/2). The intensity fluctuations due to the motion of the colloidal particles are commonly analysed by generating an intensity autocorrelation function (IACF) 19 G 2 (q,t) = 〈I(q,0)I(q,t〉 Τ ( 1 ) where the average is a time average. For ergodic (fluid-like) systems the IACF is directly related to the normalized field autocorrelation function g 1 (t) through the Siegert Relation 
where the normalized field autocorrelation function g 1 (t) is given by
The intercept β primarily dependends on the detector optics, and the ideal value can (almost) be reached with single mode fibers for the detection optics 19 . For non-interacting and monodisperse particle suspensions in the single scattering limit g 1 (t) decays like a single exponential (4) g 1 (q,t) = e −D 0 q 2 t which combined with the Stokes-Einstein relation D 0 = k B T/6πηR h ), where η is the solvent viscosity and R h is the hydrodynamic radius, represents the basis for the application of PCS in particle sizing. For polydisperse non-interacting spherical particles with a number-weighted size distribution N(r), eqn. 4 has to be written as
where A(q,r) is the scattering amplitude and D 0 (r) the diffusion coefficient of a particle with radius r. Eqn. (5) is often written as
where Γ = D 0 q 2 and G(Γ) is the intensity-weighted size distribution, which for larger particles with anisotropic scattering depends both on the particle size distribution N(r) as well as on the scattering angle θ.
Based on eqn. (6) one can then try to obtain the full size distribution N(r) from PCS experiments with polydisperse colloidal suspensions. However, the basic problem in the data analysis results from the ill-conditioned nature of the inversion of eqn (6), i.e. the fact that even a small amount of noise on the experimental correlation function, together with the limited accessible τ-range, may greatly distort G(Γ). Thus, there exists an entire set of solutions to eqn (6) that lie wihtin the experimental noise level ε. While some of them can be discarded immediately because they have no 'physical significance' (such as those with negative amplitudes), we still end up with the substantial problem of having to choose the 'correct' or most probable solution among all the feasible ones. There exist numerous approaches to this problem such as the often used program CONTIN. However, it is clear that there will always be limits to the use of PCS, and in particular in many suspensions of practical importance we are also confronted with the problem of multiple scattering.
3D Dynamic light scattering (3DDLS)
The application of PCS to many systems of scientific and industrial relevance has often be considered as too complicated due to the very strong multiple scattering frequently encountered. The interpretation of a SLS/DLS experiment becomes exceedingly difficult for systems with non-negligible contributions from multiple scattering. Particularly for larger particles with high scattering contrast, this limits the technique to very low particle concentrations, and a large variety of systems are therefore excluded from investigations with dynamic light scattering. However, Schätzel has demonstrated that it is possible to suppress contributions from multiple scattering from the measured photon correlation data 7 . During the last few years a number of different theoretical and experimental approaches to this problem have appeared 6 . The general idea is to isolate singly scattered light and suppress undesired contributions from multiple scattering by using a so-called cross correlation scheme. This can be achieved by performing two scattering experiments simultaneously on the same sample (with two mutually incoherent laser beams, initial wave vectors k i1 and k i2 , and two detectors positioned at final wave vectors k f1 and k f2 ) and cross-correlating the signals seen by the two detectors. Provided the two light scattering experiments share the same scattering volume and have identical scattering vectors q 1 = q 2 (or q 1 = -q 2 ) but use different geometries, only singly scattered light will produce correlated intensity fluctuations on both detectors. In contrast, multiply scattered light will result in uncorrelated fluctuations that contribute to the background only due to the fact that it has been scattered in a succession of different q vectors. The corresponding relationships between the field autocorrelation function g 1 (t) and the measured auto-(G 11 (1) (t)) and cross-
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Printed 24.11.2003correlation (G 12 (1) (t)) functions, where (1) indicates singly scattered photons, can then be written as
and
where I 1 and I 2 are the average scattered intensities seen by detectors 1 and 2, respectively. Whereas the intercept β 11 depends primarily as stated above on the detection optics and has an ideal value of 1, the cross-correlation function β 12 is in addition reduced by phase mismatch and optical misalignement (i.e., match of the two scattering volumes). For single scattering, both auto-and crosscorrelation therefore yield the same information. However, in the case of multiple scattering, the situation changes. In the auto-correlation experiment the multiply scattered photons contribute to G 11 (1) (t) as well and make interpretation of the data and a deduction of g 1 (t) very difficult if not impossible. However, in the cross-correlation experiment only singly scattered light will produce correlated intensity fluctuations on both detectors. In contrast, multiply scattered light will result in uncorrelated fluctuations that contribute to the background only due to the fact that it has been scattered in a succession of different q vectors, and the contributions from multiple scattering to the signal are suppressed. This leads to the following expression for G 12 (1) (t)
where 〈I j 〉 is the average intensity at detector j and 〈I j
〉 contains the singly scattered light only. Such a cross-correlation experiment will thus provide us with g 1 (t) even for turbid suspensions, and multiple scattering will be visible in the decrease of the intercept.
A particularly interesting cross-correlation experiment is the so-called 3d coding described in in 7, 9 .Two laser beams k i1 and k i2 are crossing each other at the scattering volume (see figure 1) . The two incident and the two detected light paths are placed at an angle δ/2 above and below the plane of symmetry of the experiment to obtain identical scattering vectors q 1 = q 2 . In the 3D experiment the two scattering processes 1-1 and 2-2 thus have the same q, whereas the two other scattering processes 1-2 and 2-1 detected in this experiment have different scattering vectors. These additional scattering processes will therefore contribute to the background only, which means that the maximum intercept for 3DDLS is only one quarter of the value obtained for auto-correlation or other cross-correlation schemes such as the two-colour method, i.e. β 12,ideal = 0.25. A schematic layout of a 3DDLS experiment is shown in figure 1 . A laser beam is split into two parallel beams, which are then focused onto the scattering cell by a lens. An identical lens is used for the detection side, and the scattered light with wave vectors k f1 and k f2 is collected using single mode fibers. For turbid colloidal suspensions, due to the strong attenuation of the singly scattered intensity which essentially decays like I
(1) ~ exp(-s/l), where s is the optical path across the cell for singly scattered light and l is the scattering mean free path, which may easily be less than 1 mm for dense colloidal suspensions, the size of the scattering cell becomes important. In order to avoid a strong reduction of the singly scattered light and the subsequent reduction in signal, the light path should be of the order of l. In principle this could be achieved best by using flat cells. However, since these cells will then be used in general with beams at nonnormal incidence angles, this will lead to considerable beam deflection and displacement. This problem can be overccome by implementing a different approach outlined in figure 1 . One can use square cells with 10 mm path length that are of superior optical quality for experiments at low scattering angles, and position them such that the scattering volume is located in a corner of the cell to have short optical path lengths. For experiments at scattering angles different from 90° we can then turn the cell in a so-called θ-2θ geometry, where the sample is rotated by half the rotation angle (90° -θ) in order to recover a symmetrical situation in which the displacement of the incident and scattered beam almost cancel l 9 .
Figure 2. Photographs of PMMA samples measured at different concentrations with 3DDLS together with the thus obtained intensity cross-correlation functions (a). Also shown are the cross correlation functions normalized with their corresponding intercept values (b).
Typical results from a 3DDLS measurement with turbid suspensions can be seen in figure 2 . Shown are data obtained with a suspension of PMMA particles in decalin with a mean radius of R h = 136 nm. Measurements were made at increasing concentrations of PMMA from approx. 0.5% to 8.5% by weight. Also shown are photographs of the samples that demonstrate the increasing turbidity. The influence of multiple scattering can be seen directly from the decreasing intercept in fig. 2a , but when rescaled with their intercept the correlation functions all collapse onto a single curve ( fig. 2b ), thus demonstrating that the 3D instrument provides the correct g 1 (q,t) even for highly turbid samples.However, while it is clear that 3DDLS enormously expands the range of samples that can be analyzed with PCS, the possibility to correctly extract the intensity (G(Γ)) or number weighted (N(r)) size distribution through an inversion of eqn. 6 remains questionable due to the inherently reduced signal-to-noise ratio for highly turbid samples. We have thus also tried to optimize the Laplace inversion routine by fully taking advantage of the fact that the angular dependence of G(Γ) carries additional information that can be used.
Multi-angle Laplace inversion
In multi-angle scattering experiments different autocorrelation functions are measured at different scattering angles on the same experimental system. It has previously been pointed out that such a technique increases significantly the available resolution on particle size volume distributions [20] [21] [22] [23] [24] . The experimental data are analyzed with the constraint that they are performed at known angles. However those methods assume implicitly an accurate knowledge of the static scattering intensities. Here we first investigate the importance of the static measurement. Based on this, a simple method of analyzing multiangle dynamic light scattering data is presented. We then test this method experimentally on various mixtures of latex spheres, first highly diluted samples with single scattering only, and then with turbid samples using the 3D instrument with its ability to suppress multiple scattering at the expense of a reduced intercept.
We have already seen that for polydisperse systems the normalized field autocorrelation function g 1 (t) is given by eqn. (5) . The integrals in equation (5) are, for practical use, written in a discrete form. For this, a discrete preselected set of radii [r j ; j = 1,…,N] is chosen, and [ c j ; j = 1,...,N] are then the set of related (unknown) coefficients:
In a multiangle dynamic light scattering experiment, P different correlations functions are measured at scattering angles (θ 1 ,…,θ P ) and every correlation function is measured at M delay times (t 1 ,....,t M ). The practical problem of the inversion of experimental data is to find a set [c j ] which fulfills eqn. (10) for every angle θ j and every delay time t n .
Since the scattered amplitude depends strongly on the scattering angle, the weight of the contribution from a particle with a given radius also depends strongly on the scattering angle. For example, a suitable selection of scattering angles may be done in such a way that a given particle size dominates in equation (10) . Therefore the variation of the scattered intensities are implicitly present in this system of equations. It should be stressed that the normalization of the correlation function in eqn. (3) removes any explicit variations of the static scattered intensities at angles θ n . In other words, a resolution of this system may be in principle done with or without the extra constraint that the measured static intensities are
The importance of the measured static intensities may be weighted in eqn. (10) with the help of an extra positive parameter λ in such a way that the denominator of eqn. (10) becomes :
with this, eqn. (3) then becomes
where we can discuss some special cases for eqn. 12: (i) λ = 0 leads to eqn. 5, i.e. the measurement of the static intensity is not used in the resolution of the system.
(ii) λ = 1: In this case the autocorrelation functions are normalized with the measurement of the static scattering experiment.
It is the problem of
in agreement with the static measurement only.
Hence λ is a control parameter which allows us to take more or less into account the measurement of the scattered intensity. The practical weight of the static measurement in the inversion of eqn. (10) and consequently the optimal value for λ is expected to be dependent on the details of the experimental set-up. For example, the optimal value should be greater in an experimental system designed for both static and dynamic experiments than for an experimental system designed mainly for dynamic measurements. The procedure to fix the value of λ is reported below in the experimental test of the method.
For practical implementation, eqn. (12) is written in a matricial form y = Ac (13) where y is a M.P x 1 vector of component λI (m) (θ n ) g 1 (θ n ,t j ) for n = 1 to P and j = 1 to M, A is a M.P x N matrix of component A 2 (θ n ,r i )((λ -1)g 1 (θ n ,t j ) + e −Γ(θ n ,r i )t ) for n =1 to P, j = 1 to M, and i = 1 to N, and c is a N x 1 vector of component c i for i = 1 to N. The ordinary least squares solution minimizes the weighted sum of squared residuals
where the weight W j,n is related to the uncertainty on the experimental data g 1 and are set, in accordance with 25 to W j,n =g 1 (θ n ,t j ) 2 /(1+ g 1 (θ n ,t j ) 
Multi-angle Laplace inversion applied to dilute suspensions
In order test the performance of the multiangle Laplace inversion routine we first performed light scattering experiments with dilute suspensions without any multiple scattering. We used different mixtures of almost monodisperse latex spheres (Surfactant free latex spheres from IDC Portland). A first set of samples consisted of mixtures of two narrowly distributed latex particle suspensions (r 1 = 60 nm and r 2 = 350 nm) with four different volume ratios V(r 1 )/V(r 2 ) = 10:1, 1:1, 1:10 and 1:100. A second set of samples consisted of four quasicontinuous distributions obtained from mixtures of narrowly distributed latex of radius r = 55; 150; 200; 260; 350; 400 nm with various volume fractions. All solutions were dispersed in water (Milli-Q water purification system from Millipore) up to a typical solid fraction 10 -5 . Experiments were carried out using an ALV-5000F goniometer system, equipped with an argon-ion laser ( Coherent Innova 300, λ 0 = 488 nm). All measurements were carried out at 25.0 ± 0.1 °C. The correlation functions and the static data were measured successively at 7 angles linearly spaced in the range 30-120°, and the duration of each measurement was 2 minutes. The laser intensity was adjusted such that the count rate at θ = 30° was roughly 200'000 counts per second. Analysis of the experimental data was performed on all systems with a fixed set of logarithmically spaced radii r j in the range 1-4000 nm. In a preliminary analysis, the optimal values for the number of basis functions N and the parameter λ have been determined. For this, the solution of the system of equations (13) is performed for various values of λ and N. For every set of pairs (λ,N) the particle number distribution [c i ] is obtained, the calculated values of the corresponding correlation functions are reconstructed using (12) , and the rms error between calculated and measured correlation functions is then obtained. For high values of N, corresponding to high resolution in the particle number distribution, this error is independent of the value of the parameter λ and is roughly the same as the computed error if correlation functions at different angles are fitted independently. The measured correlation functions are thus correctly evaluated, but in return the resulting particle size distributions exhibit spurious peaks. Such stability problems that arise when the resolution is increased beyond what is allowed by the signal to noise ratio have been reported in both dynamic
28 and static 29 light scattering experiments. For a lower resolution, the choice of λ, i.e. the weight attributed to the static part of data, strongly affects the rms error. For high values of λ, the rms error χ 2 is very important, and decreases regularly with λ. However at too small values of λ, the corresponding rms values increase considerably. This behavior is expected, since setting λ = 0 in eqn. (13) corresponds to finding vectors in the null space of A, an operation for which the routine used to performe the inversion of eqn. (13) is not designed. This dependence is systematic for the analysis of every experimental system, with roughly the same numerical values of N and λ. The number N of basis functions is chosen large enough in order to guarantee a sufficient resolution of the particle distributions, and the corresponding value of λ is chosen such that the rms error is minimal. In practice, all the experimental data were analysed with the same numerical values N = 85 (corresponding to a ration r i+1 /r i = 1.10) and λ = 0.008. Scattering amplitudes A(r i ,θ k ) calculations have been performed with refractive index n s = 1.33 and n p = 1.59. The particle size distributions extracted from experimental data begin to show clear deviations compared to the expected ones if the analysis is performed with a 10 % error on the value of n p /n s . 
) as a function of the particle radius.
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Figure 4. Experimentally determined cumulative volume for different quasicontinuous mixtures of monomodal latex spheres (solid line) compared to theoretically expected distributions (dotted line).
Although the different populations of monodisperse particles are not always separated (for example particles of radius 150 and 200nm are never separated), the general trend of these quasicontinuous distributions are always correctly reproduced. For a qualitative discussion, we characterize each volume distribution V(r) with it's mean value r = V (r)rdr Table 1 . summarizes a comparison of these quantities as calculated for the experimental systems and obtained from the light scattering data. In every case these complex distributions are correctly reproduced. The results obtained from the simultaneous multiangle analysis of experimental data were always better than results obtained from single-angle experiments performed at different angles. Table 2 shows the comparison of single-and multiple-angle analysis for a quasicontinuous particle size distribution. A single-angle analysis of a quasicontinuous system always misses some particle populations, and as a consequence, the characteristics of the particle size distribution differs significantly from the expected one. In every case, the simultaneous analysis of data collected at different angles increases significantly the realibility of the result. 
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Multi-angle Laplace inversion applied to turbid suspensions
The previous paragraph shows that we have been able to develop a simple method of analysis of multi-angle photon correlation spectroscopy data. The main advantage of this method is that the importance of the static scattered intensity measurement may be optimally matched with the characteristics of the optical set-up. The test experiments on a commercial instrument show that this method allows us to obtain quantitative information on the particle size distribution, despite the relatively short (15 min) acquisition time. If a priori information on particle size distribution is available, a further regularization may in principle be added in the inversion of the matrics system. Based on this method we can now try to apply it to PCS data obtained for turbid suspensions using a 3DDLS instrument.
We have prepared 3 different bimodal mixtures of polystyrene spheres with radii r 1 = 57 nm and r 2 = 184 nm and a mixing ratio of 10:1 by volume, where the total volume fraction varied between Φ = 0.011 (sample 2), Φ = 0.0011 (sample 3) and 0.00011 (sample 4). Sample 2 and 3 are already extremely turbid (see figure 5 A) , which in the case of sample 2 yields a quite low value for the transport mean free path l* = 1.07 mm at a wavelength of λ = 680 nm. Using standard autocorrelation measurements, a correct determination of the particle size distribution is barely possible for the most dilute sample. Already at an overall concentration of Φ = 0.0011 (sample 3), the autocorrelation function is considerably shifted and contains a significant fast decay due to the contribution from multiple scattered light, and at the highest concentration (see figure 5 ) the multiple scattering is so strong that no measureable autocorrelation function can be obtained for a measurement period of 900 s at a scattering angle of θ = 90° We note that in these experiments a diode laser with a rather short coherence length was used and therefore the loss of coherence along the multiple scattering paths, typical length L 2 /l*~10cm for sample 2, leads to a vanishing signal. However, when using the 3D instrument to selectively detect single scattering we obtain the correct correlation functions, although the intercept decreases considerably at higher concentrations due to the non-negligeable contribution from multiple scattering. Moreover, when combining multiangle measurements using the 3D setup and simultaneous multiangle analysis, we can recover the correct particle size distribution even at the highest particle concentration (sample 2, see figure 5 ). It is important to note that even at the lowest concentration a single angle analysis does not allow us to separate the two populations and instead yields broad but homogeneous particle size distributions. These examples clearly demonstrate that the combination of 3DDLS and multi-angle Laplace transformation can be used as a very powerfull tool that extends the applicability of PCS to highly turbid samples. 
Diffusing Wave Spectroscopy
Diffusing wave spectroscopy (DWS) extends standard PCS to media with strong multiple scattering by treating the transport of light as a diffusion process as first described by Maret and Wolf in 1987 14 .
Method
The intensity autocorrelation function of the diffusely scattered light 
with k 0 =2πn/λ being the wave number of light in a medium with refractive index n. P(s) is the distribution of photon trajectories of length s in the sample and it can be calculated within the diffusion model taking into account the experimental geometry. The transport mean free path l * characterizes the typical step length of the photon random walk, given by the individual particles scattering properties and particle concentration (if necessary l* can be determined independently and enters the analysis as a constant parameter). Therefore DWS is able to provide information about the size of particles in dispersions without any restrictions on particle concentration and turbidity. Furthermore the DWS technique can be used to study and characterize a variety of complex systems such as dense colloidal dispersions and gels, emulsions, ceramic slurries and green bodies, biopolymers and gels (yoghurt and cheese), granular media, foams, polymers and concentrated surfactant solutions 17, [30] [31] [32] [33] [34] [35] [36] [37] . A typical setup for DWS measurements is shown in the Figure 6 . For a large rectangular cell (layer thickness L >> l * , no absorption) the correlation function in reflection is given by 2 0
, where
k denotes the single particle short time diffusion constant and γ is a parameter of order l * taking account for the coupling of the incident light wave to the diffuse light in the sample. The backscattering geometry is particularily suited for particle sizing since the optical parameters of the sample, such as l * or the sample size, do not enter the analysis. 
water). A polarizer in front of the detector allows to distinguishbetween polarization preserving scattering (VV) or depolarized scattering (VH).
Particle Sizing with DWS
Plotting [ ] .
The main problem of this approach is that the value of γ is not constant but in fact can take values between 1 and 3 depending on particle size and detected polarization state (VH or VV as shown in the Figure 7 ) 38 . A way to overcome this problem is to carry out two measurements with orthogonal polarization states and subsequently average the obtained results as explained in Ref. a is the "effective" absorption length (for non-absorbing particles in a infinite medium this is the absorption length of the pure solvent) 16 . This may strongly influence the decay half time g t− ↔ t representation however a finite l a only leads to a rounding of the correlation function at short correlation times. The slope of this function at larger correlation times remains unaffected. Therefore the data should always be analyzed using this representation.
Polydispersity
DWS is not able to provide information about the size distribution. As a matter of fact light diffusion averages over the different particle sizes (Radius R) weighted by the particle scattering cross section, for moderate concentrations proportional to . Hence if
is the number distribution of radii the DWS effective radius is given by 4 :
The DWS effective radius R eff is the apparent radius we expect from an analysis based on Eq.(18).
PCS Particle Sizing in Turbid Suspensions: An industrial application
The above development shall be illustrated by an application to particle sizing in suspensions of atrazin, an active agent used in crop protection. The initially submillimeter grains (from Novartis Crop Protection AG [now Syngenta Crop Protection AG], Münchwilen, Switzerland) were reduced in size by ultrasonic degradation (Jaroslav Ricka and René Nyffenegger, University of Berne, Switzerland). The suspensions contained 0.5 wt. % of the industrial surfactant soprophor (Novartis AG, Basel, CH) and were subsequently diluted with dionized water and soprophor at the same concentration (for some of the lower concentrations the soprophor content was 0.3% or even less which did however not affect the sample stability over the measurement time) .
Particle Size from traditional PCS and from 3-D DLS
Highly diluted samples (volume fraction 4 
10
− Φ ≤ ) were characterized with a traditional PCS setup (Goniometer system from ALV GmbH, LangenGermany, λ=488 nm ). Turbid suspensions where first analyzed with 3DDLS at 1% Φ = (λ=633.2 nm). Higher concentrations could not be accessed with 3DDLS but only with DWS as shown below. The reason being that these high refractive index particles strongly scatter light. For the chosen concentration the scattering mean free path is as low as approx. 100 µm which means that the sample appears extremely turbid.
In Figure 8 we show the measured 3DDLS-correlation function for different scattering angles. For amplitudes as low as It is also seen that at scattering angle larger than 90° the 3DDLS amplitude (intercept) drops sharply and for values below the particle size determination was no longer possible due to the insufficient signal to noise ratio ( Figure 9 ). The drop in amplitude can be explained by the fact that the particles predominantly scatter in forward direction whereas multiple scattering is more or less isotropic. The relative amount of single scattering therefore drops for large angles. 3 
−
Our measurements illustrate how 3DDLS can be used to extend the range of application of 3DDLS to very turbid suspensions. In the limit of single scattering (dilute suspensions) 3DDLS reduces to traditional PCS. The performance is exactly the same as PCS but now also turbid suspensions can be characterized. The price to pay is that the measurement time increases as the amplitude (intercept) decreases. For the very small intercept values discussed here (of the order ) the measurement time chosen was ca. 4h for each scattering angle.
DWS Analysis at elevated densities
DWS offers an excellent alternative approachto characterize particle diffusion for such elevevated volume fractions and even above. We have analyzed the typical relaxation time τ 0 for a volume fraction up to 20% Φ = as shown in Figure 10 . For DWS there is no particular difficulty to access this regime. Measurements are straightforward and take of the order of minutes or less. For moderate concentrations (up to 2%) the time constant approaches the limit of free diffusion At higher volume fractions the relaxation time strongly increases. Also shown is the expected increases for the case of hard spheres. However, the measured concentration dependence is found to be significantly more pronounced. One reason might be the anisotropy of the particles slowing down diffusion already at moderate densities.
PCS Particle Sizing in Turbid Suspension: Scope and Limitations
With the advent of new technologies in PCS, such as 3DDLS and DWS, the characterization of turbid suspensions is a straightforward task if the necessary equipment is available. The information typically required (the distribution of diffusive relaxation times) can be obtained from 3DDLS at concentrations between 1% and 30% (volume fraction) depending on the refrective index of the particles (requirement: scattering mean free path l > 50µm). For turbid samples DWS gives access to the diffusive particle relaxation time and the mean particle size. In the range l ~ 50-500 µm both methods can be applied.
While 3DDLS provides very precise information it also may require long measurement times, depending on the sample turbidity. DWS experiments however can be done in minutes, independent of turbidity. Additionally the DWS-backscattering geometry allows remote sensing or the construction of flexible sensors. But the information obtained from DWS is smeared out by the multiple scattering of light and particle size distributions cannot be accessed.
Problems appear in both cases when the relaxation time (or diffusion constant) is altered by particle-particle interactions and increased suspension viscosity. In this case the Stokes-Einstein relation in its simple form is no longer applicable for the size analysis. Nevertheless a lot of information is available from such measurements. This requires however a more detailed analysis of the results and the particle radius cannot be extracted in a simple fashion.
In general both 3DDLS and DWS can be applied safely for volume contens less than 5% while for higher volume fractions some information about the sample properties is needed or results at different concentrations should be compared to check for consistency.
